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HIGHLIGHTS 


•  HCNF-S  composite  prepared  via  a  mixed-solvent  process  was  applied  for  lithium— sulfur  batteries. 

•  The  prepared  HCNF-S  composite  showed  a  highly  conductive  network-like  structure. 

•  The  HCNF-S  composite  showed  perfect  cycling  stability  and  rate  capability. 

•  The  hollow  fibrous  HCNFs  would  be  a  promising  carbon  matrix  for  Li— S  batteries. 
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A  hollow  carbon  nanofiber  supported  sulfur  (HCNF-S)  composite  cathode  material  is  prepared  by  a 
mixed-solvent  (DMF/CS2)  process  in  an  organic  solution  for  lithium-sulfur  batteries.  Scanning  electron 
microscope  (SEM)  and  transmission  electron  microscope  (TEM)  observations  show  the  hollow  structures 
of  the  HCNF  and  the  homogeneous  distribution  of  sulfur  in  the  composite.  The  performance  of  the  HCNF- 
S  cathode  is  evaluated  in  lithium-sulfur  batteries  using  cyclic  voltammetry,  galvanostatic  charge— di¬ 
scharge,  and  electrochemical  impedance  spectroscopy.  It  is  found  that  the  HCNF-S  cathode  shows  perfect 
cycling  stability.  The  results  exhibit  an  initial  discharge  capacity  of  1090  mAh  g-1  and  retains  600  mAh  g 
-1  after  100  discharge/charge  cycles  at  a  high  rate  of  1  C.  The  excellent  electrochemical  properties  benefit 
from  the  hollow  and  highly  conductive  network-like  structure  of  HCNFs,  which  contribute  to  disperse 
sulfur  and  absorb  polysulfides,  and  suppress  the  formation  of  residual  Li2S  layer. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  lithium-sulfur  (Li— S)  system,  based  on  the  electrochemical 
reaction  16Li  +  Sg  <-►  8Li2S,  is  one  of  the  most  promising  candidates 
for  high  energy  density  applications  especially  in  electric  vehicles 
(EVs)  and  hybrid  electric  vehicles  (HEVs),  due  to  its  low  cost, 
environment  friendliness,  availability  of  resource  materials,  large 
theoretical  specific  capacity  and  energy  of  1675  mAh  g-1  and 
2500  Wh  kg-1,  respectively  1—4].  Despite  these  significant  ad¬ 
vantages,  the  application  of  Li— S  batteries  still  suffers  from  several 
serious  challenges  such  as  the  low  electrochemical  utilization  of 
sulfur,  poor  cycling  stability,  and  poor  rate  capability  [5—9].  These 
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problems  could  be  attributed  to  the  poor  electrical  conductivity  of 
sulfur  and  its  reduced  products  and  the  dissolution  and  shuttling 
effect  of  the  intermediate  products  lithium  polysulfides  (Li2Sn, 
4  <  n  <  8)  in  organic  liquid  electrolytes  during  cycling  [10-12]. 

To  overcome  these  problems,  many  attempts  have  been  made, 
which  focus  on  enhancing  the  electrical  conductivity  of  the  cathode 
and  suppressing  the  loss  of  soluble  polysulfide  intermediates  dur¬ 
ing  cycling  [13,14].  Various  conductive  porous  carbons  15-20], 
conducting  polymers  [21,22]  and  graphenes  [23,24]  have  been  used 
as  host  materials  for  sulfur  cathode  in  recent  years  to  improve  the 
electrochemical  performance  of  Li-S  batteries.  These  carbon-sulfur 
and  polymer-sulfur  composites  improve  electrical  conductivity  and 
trap  some  of  the  soluble  polysulfides  during  cycling.  Among  these 
efforts,  conductive  matrixes  with  hollow  structures,  such  as  hollow 
carbon  spheres  [25,26],  polyaniline  nanotubes  [27]  and  carbon 
nanotubes  [19,28]  are  very  attractive  materials,  because  the  hollow 
structure  might  have  several  advantages  including  high  surface 
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area  for  efficient  sulfur  uptake  and  polysulfides  containment,  suf¬ 
ficient  space  to  withstand  volumetric  expansion  and  short  trans¬ 
port  length  for  lithium  ions. 

The  hollow  carbon  nanofibers  (HCNFs)  are  an  attractive  carbon 
material  for  the  sulfur  electrode,  because  linear  carbon  materials 
can  provide  an  effective  conduction  path  of  lithium  ions  and  an 
ideal  network-like  structure  that  forms  a  stable  structure  for  trap¬ 
ping  polysulfides  during  the  charge-discharge  process  [19,29].  In 
recent  years,  the  reports  about  HCNFs  acting  as  host  materials  of 
elemental  sulfur  are  relatively  rare.  Cui  et  al.  [30  has  reported  a 
hollow  carbon  nanofiber-encapsulated  sulfur  cathode  for  effective 
trapping  of  polysulfides  and  demonstrate  experimentally  high 
specific  capacity  and  excellent  electrochemical  cycling  of  the  cells. 
In  their  research,  hollow  carbon  nanofiber  arrays  were  fabricated 
using  anodic  aluminum  oxide  (AAO)  templates  through  thermal 
carbonization  of  polystyrene.  To  prepare  hollow  carbon  nanofiber- 
sulfur  composite,  15  mg  of  carbon-coated  AAO  template  was  loaded 
into  a  small  glass  vial  and  300  pi  of  1%  sulfur  solution  in  toluene  was 
dropped  onto  the  template.  After  drying,  the  mixture  was  heated 
up  to  155  °C  and  kept  for  12  h  to  facilitate  sulfur  diffusion  into  the 
hollow  nanofibers.  The  high  aspect  ratio  of  hollow  carbon  nano¬ 
fibers  reduces  the  random  diffusion  of  polysulfides  in  the  organic 
electrolyte,  while  the  thin  carbon  wall  allows  fast  transport  of 
lithium  ions.  In  addition,  Cairns  et  al.  [31  ]  has  also  reported  a  sulfur- 
coated  carbon  nanofiber  composite  cathode  material  prepared  by  a 
chemical  deposition  method  based  the  reaction  between  sodium 
polysulfide  and  formic  acid.  The  composite  material  exhibits  good 
electrochemical  properties  in  rechargeable  lithium-sulfur  cells  due 
to  the  chain-like  electron  transport  network  of  carbon  nanofibers. 

However,  these  kinds  of  intertwined  linear  nanostructured 
carbon  materials  such  as  CNTs  and  CNFs  are  difficult  to  be 
dispersed.  Ultrasonication  in  solvents  is  usually  a  primary  step  for 
producing  homogeneous  and  relatively  aggregate-free  dispersions. 
The  dispersant  used  needs  to  overcome  the  strong  van  der  Waals 


force  between  CNTs  to  resist  their  agglomeration  [32].  Ham  et  al. 
[33]  has  proved  N,N-dimethylformamide  (DMF)  to  be  better  than 
ethanol,  water,  acetone  and  methanol  for  making  CNTs  dispersions, 
which  is  also  confirmed  by  Inam  et  al.  [34]. 

In  this  work,  we  report  a  well-dispersed  hollow  carbon 
nanofiber-sulfur  (HCNF-S)  composite  material  prepared  by  a  simple 
method  via  a  mixed-solvent  (DMF/CS2)  process  for  rechargeable 
Li-S  batteries.  In  this  method,  N,N-Dimethylformamide  (DMF)  acts 
as  a  dispersant  for  HCNFs  and  carbon  disulfide  (CS2)  dissolves 
elemental  sulfur.  The  prepared  HCNF-S  composite  material  shows 
good  dispersity  and  an  ideal  network-like  structure,  which  forms  a 
stable  structure  for  trapping  polysulfides  during  the  charge- 
discharge  process.  Electrochemical  results  exhibit  an  initial 
discharge  capacity  of  1090  mAh  g_1and  retains  600  mAh  g-1  after 
100  cycles  at  a  high  rate  of  1  C.  The  excellent  electrochemical 
properties  benefit  from  the  hollow  and  highly  conductive  network¬ 
like  structure  of  HCNFs  with  abundant  pores,  which  contribute  to 
disperse  sulfur  and  absorb  polysulfides,  and  suppress  the  formation 
of  residual  U2S  layer. 

2.  Experimental 

2.1.  Materials  preparation 

First,  in  order  to  compare  the  dispersion  effects  of  HCNFs  in 
deionized  water  and  DMF,  we  designed  and  conducted  a  sedi¬ 
mentation  experiment.  Firstly,  50  mg  HCNFs  was  added  into  a  vial 
filled  with  20  ml  deionized  water  and  DMF,  respectively.  Then,  the 
two  vials  were  hand-mixed  for  30  s  and  high  power  bath  ultra- 
sonicated  for  2  h  at  20  °C.  Finally,  the  dispersions  were  placed 
statically  to  observe  its  re-aggregation  behavior.  Fig.  1(a)  shows  the 
colloidal  dispersion  for  HCNFs/water  and  HCNFs/DMF  after  ultra¬ 
sonication  at  different  time  intervals.  As  seen  in  Fig.  1(a),  the 
HCNFs/DMF  dispersion  was  more  stable,  showing  no  signs  of 


Before  ultrasonic  treatment  After  ultrasonic  treatment  for  2  h  After  resting  for  48  h 


Fig.  1.  (a)  Images  of  HCNFs  dispersion  experiment,  (b)  Schematic  of  synthesis  process  for  HCNF-S  composite. 


Q.  Li  et  al.  /  Journal  of  Power  Sources  256  (2014)  137-144 


139 


agglomeration  even  after  2  days.  These  observations  are  consistent 
with  previous  work  [34].  Therefore,  HCNF-sulfur  composites  were 
prepared  by  a  mixed-solvent  (DMF/CS2)  process  in  an  organic  so¬ 
lution.  HCNFs  were  purchased  from  Sigma— Aldrich,  and  were 
soaked  with  concentrated  nitric  acid  (HNO3)  at  room  temperature 
for  48  h  before  used.  1.0  g  sublimed  sulfur  (Sigma-Aldrich,  100- 
mesh  particle  size  powder)  was  first  added  into  a  flask  filled  with 
20  ml  N,N-Dimethylformamide  (DMF,  Aladdin  reagent,  AR)  and 
50  ml  carbon  disulfide  (CS2,  Aladdin  reagent,  AR)  to  form  a  sulfur- 
containing  DMF/CS2  organic  solution.  0.65  g  FICNFs  were  then 
dispersed  in  the  organic  solution  and  ultrasonic  treated  at  20  °C  for 
2  h  to  achieve  a  homogenous  suspension.  Subsequently,  the  sus¬ 
pension  was  heated  to  45  °C  and  stirred  constantly  for  12  h  to 
evaporate  CS2  from  the  reaction  mixture,  during  which  sulfur  re¬ 
crystallized  and  formed  HCNF-S  composites.  After  cooling  to  the 
room  temperature,  the  resulting  suspension  was  filtered,  and  the 
precipitate  was  rinsed  with  ethyl  alcohol  several  times  to  eliminate 
the  residual  DMF,  then  dried  in  a  vacuum  oven  at  60  °C  for  24  h.  The 
schematic  of  the  preparation  process  is  shown  in  Fig.  1(b). 


2.2.  Material  characterization 

The  morphology  of  the  samples  was  investigated  by  field 
emission  scanning  electron  microscopy  (SEM,  Nova  Nano  SEM  230) 
and  transmission  electron  microscopy  (TEM,  Tecnai  G2  20ST).  The 
elements  on  the  surface  of  sample  were  identified  by  energy- 
dispersive  X-ray  spectroscopy  (EDS)  and  scanning  transmission 
electron  microscopy  (STEM,  Tecnai  G2  F20)/energy  dispersive  X-ray 
spectroscopy  (EDX).  Powder  X-ray  diffraction  (XRD,  Rigaku3014) 
using  Cu-Ka  radiation  was  employed  to  identify  the  crystalline 
phase  of  FICNFs  and  the  prepared  FICNF-S  composite.  Thermogra- 
vimetric  analysis  (TGA,  SDTQ600)  was  conducted  in  determining 
the  sulfur  content  in  the  composite  under  N2  atmosphere  at  a 
heating  rate  of  10  °C  min-1. 

2.3.  Electrochemical  measurements 

The  working  electrodes  were  prepared  by  a  slurry  coating  pro¬ 
cedure.  The  composite  cathode  slurry  consisted  of  80  wt%  HCNF-S 


Fig.  2.  SEM  images  of  (a)  and  (b)  HCNFs,  (c)  and  (d)  HCNF-S  composite.  EDS  mapping  of  (e)  and  (f)  HCNF-S  composite  revealing  the  distribution  of  sulfur. 
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composite,  10  wt%  acetylene  black  and  10  wt%  polyvinylidene 
fluoride  (PVDF)  dissolved  in  N-methyl  pyrrolidinone  (NMP).  The 
slurry  of  the  cathode  was  pressed  onto  a  sheet  of  aluminum  foil, 
dried  at  60  °C  overnight,  then  the  cathode  were  cut  into  pellets 
with  a  diameter  of  1.0  cm  and  dried  for  12  h  in  a  vacuum  oven  at 
60  °C.  CR2025-type  coin  cells  were  assembled  in  an  argon-filled 
glove  box  to  avoid  contamination  by  moisture  and  oxygen.  The 
electrolyte  used  was  1  M  bis(trifluoromethane)  sulfonamide 
lithium  salt  (LiTFSI,  Sigma  Aldrich)  in  a  mixed  solvent  of  1,3- 
dioxolane  (DOL,  Acros  Organics)  and  1,2-dimethoxyethane  (DME, 
Acros  Organics)  with  a  volume  ratio  of  1 : 1,  including  0.1  M  UNO3  as 
an  electrolyte  additive.  Lithium  metal  was  used  as  counter  elec¬ 
trode  and  reference  electrode  and  celgard-2400  was  used  as 
separator.  Specific  capacity  was  corrected  based  on  the  mass  of 
sulfur,  and  the  typical  sulfur  mass  loading  on  the  electrode  was 
about  1.5  mg  cm-2.  Cyclic  voltammetry  (CV)  and  electrochemical 
impedance  spectroscopy  (EIS)  measurements  were  conducted  us¬ 
ing  PARSTAT  2273  electrochemical  measurement  system.  CV  tests 
were  performed  at  a  scan  rate  of  0.2  mV  s-1  in  the  voltage  range  of 
1.5  V— 3.0  V.  EIS  measurements  were  carried  out  at  open-circuit 
potential  (OCP)  in  the  frequency  range  between  100  kFIz  and 
10  mFIz  with  a  perturbation  amplitude  of  5  mV.  Galvanostatic 
charge/discharge  tests  were  performed  in  the  potential  range  of 
1.5  V— 3.0  V  at  25  °C  by  using  a  LAND  CT2001A  battery-testing 
instrument. 

3.  Results  and  discussion 

Fig.  2  shows  the  SEM  morphological  characterization  of  the 
FICNFs  and  the  FICNF-S  composite.  TEM  images  of  HCNF  and  HCNF- 
S  composite  and  EDX/STEM  of  HCNF-S  composite  are  shown  in 
Fig.  3.  It  can  be  seen  from  Figs.  2(a)  and  (b)  and  3(a)  that  the 


diameter  of  the  HCNF  is  about  100  nm  with  a  hollow  structure. 
While  sulfur  is  precipitating  from  the  organic  solution,  HCNFs  can 
serve  as  the  support  and  sulfur  deposits  on  HCNFs  surface  and 
grows  up  to  wrap  the  whole  HCNFs,  as  shown  in  Fig.  2(c)  and  (d), 
this  is  also  reported  in  previous  CNF-S  study  [31,35].  From  Figs.  2(c) 
and  (d)  and  3(b),  we  can  see  that  there  is  no  distinct  morphological 
difference  between  HCNF  and  the  HCNF-S  composite  except  for  the 
dimension,  suggesting  a  homogeneous  distribution  of  sulfur  in  the 
HCNFs  network  and  a  uniform  sulfur  coating  on  the  surface  of  the 
HCNFs  [31,35,36].  Comparing  with  the  TEM  image  of  pure  HCNF, 
the  HCNF-S  nanofiber  exhibits  a  diameter  of  approximately  130  nm, 
a  thin  layer  as  marked  by  yellow  arrows  in  Fig.  3(b)  with  a  mean 
thickness  of  about  15  nm  (the  uncoated  HCNF  has  a  diameter  of 
100  nm)  wrapping  on  the  outer  surface  of  HCNF  (as  seen  inset  in 
Fig.  3(b))  is  discernible  for  the  composite  nanofiber,  which  can  be 
identified  as  sulfur  deposited  on  HCNFs.  Further  evidence  of  sulfur’s 
existence  in  the  HCNF-S  composite  is  provided  by  scanning  trans¬ 
mission  electron  microscopy  (STEM).  The  HCNF-S  composite  of  a 
single  fiber  with  hollow  structure  is  selected  to  test  the  distribution 
of  sulfur  across  the  nanofiber  by  EDX/STEM.  As  shown  in  Fig.  3(c) 
and  (d),  after  fitting  by  a  two-error  function  algorithm,  carbon 
profile  exhibits  a  valley/decrease  in  the  middle  and  sulfur  shows  a 
similar  tendency  with  enhanced  peaks  on  the  side,  suggesting  that 
sulfur  is  mainly  present  on  the  edge  of  HCNF.  The  similar  result 
analysis  about  sulfur  existence  can  also  be  seen  in  the  reported 
literature  [18,37,38].  This  core-shell  structure  of  HCNF-S  composite 
is  beneficial  for  constructing  a  sturdy  three-dimensional  carbon 
network  to  accommodate  the  mechanical  stresses  induced  by 
volume  changes  caused  by  the  reaction  of  sulfur  during  the 
discharge/charge  cycles  30,31,35].  To  confirm  the  presence  of 
sulfur,  energy-dispersive  X-ray  spectroscopy  (EDS)  mapping  is 
performed  on  the  whole  carbon  HCNF-S  composite,  elemental 


Fig.  3.  TEM  images  of  (a)  HCNF  and  (b)  HCNF-S  composite  (inset  is  a  high-resolution  image  of  an  individual  composite  nanofiber),  (c)  Annular  dark  field  (ADF)-STEM  image  of  a 
HCNF  coated  with  S  and  (d)  EDX  line  profile  across  HCNF,  showing  the  distribution  of  carbon  and  sulfur. 
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Fig.  4.  (a)  TGA  curves  of  the  HCNF-S  composite,  (b)  XRD  patterns  of  sulfur,  HCNFs  and  HCNF-S  composite. 


sulfur  are  well  distributed  in  the  composite  as  shown  in  Fig.  2(e) 
and  (f). 

The  sulfur  content  of  the  CNF-S  composite  is  ascertained  by 
thermogravimetric  analysis  (TGA),  under  a  N2  atmosphere,  from 
room  temperature  to  500  °C  at  a  heating  rate  of  5  °C  min-1.  Fig.  4(a) 
shows  the  results  obtained  from  TGA  on  the  as  prepared  HCNF-S 
composite.  It  can  be  seen  from  Fig.  4(a)  that  the  weight  of  the 
HCNF-S  composite  decreases  with  increasing  temperature  from 
150  °C  and  the  weight  loss  is  continuous  until  the  HCNF-S  is  heated 
to  over  280  °C,  which  indicates  that  the  reduction  in  weight  of  the 
HCNF-S  composite  is  due  to  evaporation  of  sulfur.  The  sulfur  con¬ 
tent  is  60.8  wt%  in  the  HCNF-S  composite. 

The  X-ray  diffraction  (XRD)  patterns  of  elemental  sulfur,  HCNFs 
and  HCNF-S  composite  are  shown  in  Fig.  4(b).  The  XRD  pattern  of 
HCNFs  shows  a  typical  amorphous  structure  with  one  broad  low- 
intensity  peaks  at  around  26°,  which  can  be  ascribed  to  the  (002) 
reflection  of  carbon.  In  Fig.  4(b),  sulfur  shows  sharp  diffraction 
peaks,  which  indicates  high  degree  of  crystalline,  and  diffraction 
angel  of  the  highest  peak  with  crystal  plane  of  (222)  is  at  23.3°.  Pure 
sulfur  shows  the  typical  reflection  pattern  of  an  orthorhombic  type 
of  sulfur  (Sg,  JCPDS#08  0247),  which  is  stable  at  room  temperature. 
In  diffraction  pattern  of  HCNF-S  composite,  the  highest  diffraction 
peak  with  low  intensity  appears  at  angel  of  23.3°  which  corre¬ 
sponds  to  (222)  crystal  plane  of  sulfur  [12].  The  diffraction  peak 
shows  existence  of  sulfur  crystal  in  HCNF-S  composite.  Compared 
with  the  pattern  of  sulfur,  the  XRD  pattern  of  HCNF-S  composite 
yields  the  broad  diffraction  peak  around  26°  and  exhibits  fewer 
peaks  of  sulfur  with  lower  intensity.  Our  result  is  similar  to  several 
reported  literature  3,26,39-42].  It  may  indicate  that  the  sulfur  is 


amorphous  or  some  sulfur  particles  trapped  in  the  hollow  structure 
of  HCNFs  are  unable  to  crystallize  [40-42],  which  is  in  good 
agreement  with  the  above  SEM  and  TEM  images.  The  results  indi¬ 
cate  that  the  mixed-solvent  process  method  is  effective  in  prepar¬ 
ing  HCNF-S  composite. 

Cyclic  voltammogram  (CV)  curves  of  the  HCNF-S  composite 
cathode  during  the  first  three  cycles  are  presented  in  Fig.  5(a).  In 
the  first  cathodic  scan,  there  are  two  remarkable  reduction  peaks  at 
about  2.05  V  and  2.35  V  corresponding  to  the  two  discharge  pla¬ 
teaus  in  Fig.  5(b).  The  peak  at  2.35  V  associates  with  the  conversion 
of  elemental  sulfur  to  soluble  lithium  polysulfide  (Li2Sn,  4  <  n  <  8); 
and  the  peak  at  2.05  V  is  related  to  the  reduction  of  lithium  poly¬ 
sulfides  to  insoluble  Li2S2  and  Li2S  [43,44].  During  the  subsequent 
anodic  scan  process,  only  one  sharp  oxidation  peak  is  observed  in 
the  potential  of  approximately  2.50  V-2.55  V,  which  corresponds 
to  the  conversion  of  Li2S  into  high-order  soluble  polysulfides 
[45,46].  The  higher  oxidation  potential  in  the  CV  is  attributed  to  the 
polarization  caused  by  the  phase  transition  from  insoluble  Li2S  and 
Li2S2  to  elemental  sulfur  [28,47].  In  the  subsequent  scans,  the  little 
change  of  the  current  and  peak  areas  for  the  oxidation  process 
implies  a  stable  structure  of  HCNF-S  composite.  Fig.  5(b)  shows  the 
discharge/charge  voltage  profiles  of  the  HCNF-S  composite  cathode. 
The  typical  discharge  curves  at  1  C  (by  weight  of  sulfur, 
1C  =  1675  mA  g-1)  as  seen  in  Fig.  5(b)  show  the  typical  two-plateau 
behavior  of  a  Li-S  cell,  which  is  due  to  the  two  step  reaction  of  S 
with  Li  during  the  discharge  process  as  demonstrated  in  CV  mea¬ 
surement.  As  shown  in  Fig.  5(b),  the  HCNF-S  composite  shows  a 
good  utilization  of  active  material  with  an  initial  specific  discharge 
capacity  of  1090  mA  h  g-1  and  maintains  a  reversible  capacity  of 


Fig.  5.  (a)  CV  curves  of  the  HCNF-S  composite  cathode  at  0.2  mV  s  \  (b)  Discharge/charge  curves  of  HCNF-S  composite  cathode  at  1  C. 
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Fig.  6.  (a)  Cycling  performance  and  coulombic  efficiency  of  the  HCNF-S  composite  cathode  at  1C.  (b)  Rate  performance  of  the  HCNF-S  composite  cathode. 


600  mA  h  g^1  after  100  cycles  at  a  rate  of  1  C.  These  indicate  that  the 
network  structure  of  HCNFs  is  quite  effective  in  suppressing  the 
dissolution  of  polysulfides  into  the  electrolyte  and  in  maintaining 
high  utilization  of  the  active  sulfur  during  the  discharge/charge 
process. 

Cyclic  discharge  capacity  and  coulombic  efficiency  of  HCNF-S 
composite  cathode  at  a  high  rate  of  1  C  between  3.0  V  and  1.5  V 
at  room  temperature  are  shown  in  Fig.  6(a).  It  can  be  seen  that  the 
cell  with  HCNF-S  composite  cathode  shows  an  initial  specific 
discharge  capacity  of  1090  mAh  g-1  and  keeps  a  retention  rate  of 
55%  after  100  charge/discharge  cycles,  revealing  higher  capacities 
and  better  cycling  stability  than  that  of  CNF-S  composite  reported 
before  31,36].  The  good  cycling  performance  is  attributed  to  the 
structure  of  HCNF-S  composite.  Sulfur  particles  disperse  well  in  the 
composite  after  homogeneous  precipitation  in  DMF,  which  in¬ 
creases  electric  conductivity  of  sulfur.  And  the  hollow  structure  and 
three-dimensional  network  structure  with  regular  pores  of  HCNFs 
benefit  the  liquid  electrolyte  penetrating  the  composite  and  inhibit 
the  loss  of  sulfur  into  the  liquid  electrolyte  [31,35].  Besides,  the  cell 
also  shows  high  coulombic  efficiencies  of  around  100%,  which  in¬ 
dicates  that  self-discharge  reaction  between  dissolved  Li2Sn  and 
lithium  anode  and  the  shuttle  effect  are  not  apparent  [30].  The 
combination  of  the  HCNFs  materials  and  composite  cathode 
structure  can  achieve  a  high  specific  capacity  sulfur  cathode  with 
stable  cycling  performance  and  high  coulombic  efficiency. 

The  rate  capability  of  the  HCNF-S  composite  cathode  was  then 
evaluated  by  cycling  the  cells  at  elevated  charge/discharge  rates  up 
to  2  C.  The  reversible  capacities  at  varying  rates  are  plotted  in 
Fig.  6(b).  During  the  first  6  cycles,  the  discharge  capacity  faded 
gradually  at  0.2  C  rate  and  remained  a  capacity  of  1058  mAh  g_1.  A 
capacity  of  780  mAh  g1  can  be  delivered  at  a  higher  rate  of  0.5  C. 
Further  increasing  the  charge/discharge  rate  to  1  and  2  C,  a 
reversible  capacity  of  650  mAh  g-1  (54%  of  its  initial  capacity)  and 
580  mAh  g-1  (48%  of  its  initial  capacity)  is  reached,  respectively. 
The  cell  also  demonstrates  excellent  stability  at  each  rate  between 
0.5  and  2  C.  When  the  charge/discharge  rate  is  back  to  0.2  C  after 
being  continuously  cycled  at  high  rates  for  25  times,  a  reversible 
capacity  of  660  mAh  g-1  can  be  restored,  suggesting  excellent  redox 
stability  of  the  HCNF-S  composite.  The  excellent  rate  capability  can 
be  owing  to  the  hollow  structure  of  HCNFs  and  the  good  robustness 
and  stability  of  the  HCNF-S  composite  cathode  material  [48]. 

Electrochemical  impedance  spectra  of  HCNF-S  composite  at  its 
OCP  before  cycling  and  after  the  cell  completes  the  50nd  and  100th 
charges  and  equivalent  circuit  are  shown  in  Fig.  7(a)  and  (b), 
respectively.  It  can  be  seen  from  Fig.  7(a)  that  the  Nyquist  plots  of 
the  HCNF-S  electrode  before  discharge  is  composed  of  a  semicircle 
at  high  frequency  and  medium  frequency  and  an  inclined  line  in  the 
low  frequency  region.  The  high-frequency  intercept  on  the  real  axis 


represents  the  ohmic  resistance  (Ro)  of  the  cell,  including  the 
electrolyte  and  electrode  resistances.  The  semicircle  at  high  fre¬ 
quency  to  medium  is  attributable  to  the  interface  charge-transfer 
resistance  (Ret),  and  the  inclined  line  at  the  low-frequency  region 
corresponds  to  Warburg  impedance  (Wo)  [49-51].  After  50  and 
100  cycles,  the  impedance  responses  of  HCNF-S  composite  cathode 
have  changed  that  two  obvious  semicircles  appear,  as  shown  in 
Fig.  7(a).  The  additional  semicircle  in  the  high  frequency  region  can 
be  explained  as  Li+  migration  through  the  SEI  films  (Rs)  [3,52-55]. 
It  can  be  seen  from  the  Fig.  7(b)  that  the  Nyquist  plots  are  fitted  by 
an  equivalent  circuit  composed  of  Ro  in  series  to  a  parallel  circuit 
element  that  branches  into  Rs  and  constant  phase  element  (CPE1), 
followed  by  another  parallel  circuit  element  that  branches  into  Ret 
with  Wo  and  the  constant  phase  element  (CPE2).  Our  results  are 
similar  to  the  reported  literature  [51—55  .  The  fitted  Ro,  Rs  and  Ret 
values  obtained  from  the  equivalent  circuit  are  shown  in  inset  of 
Fig.  7(a).  The  Ro  value  shows  no  obvious  increase  during  100  cycles. 
It  indicates  that  the  content  of  poorly  conductive  polysulfide  dis¬ 
solved  in  the  electrolyte  does  not  increase  obviously  during  this 
cycle  process  [56,57  .  The  semicircle  at  high  frequency  is  related  to 


Fig.  7.  (a)  Nyquist  plots  and  (b)  the  equivalent  circuit  of  the  prepared  HCNF-S  com¬ 
posite  cathode  before  and  after  cycles.  Inset  (a)  is  resistance  obtained  from  the 
equivalent  circuit  fitting  of  experimental  date. 
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Fig.  8.  SEM  images  of  cathode  (a  and  b)  the  as-prepared  HCNF-S  composite  cathode  and  (c  and  d)  HCNF-S  composite  cathode  after  100  cycles. 


the  resistance  and  capacitance  (a  parallel  connection  of  Rs  and 
CPE1)  of  solid-state  interface  layers  on  the  surfaces  of  the  elec¬ 
trodes,  which  keeps  decreasing  during  the  cycles,  this  is  possibly 
due  to  the  reorganization  of  the  passivation  film  and  redistribution 
of  the  active  material  58];  and  the  semicircle  at  medium  frequency 
is  related  to  the  charge-transfer  resistance  and  its  related  double¬ 
layer  capacitance  (parallel  connection  of  Ret  and  CPE2),  which 
shows  a  descending  trend,  indicating  the  continuous  immersion  of 
the  electrolyte  increases  the  reactive  contact  area  [59]  and  implying 
the  improved  electrochemical  environment  for  reaction  within  the 
cell.  Furthermore,  the  intertwined  carbon  nanofibers  could  act  as  a 
continuous  3D  network,  which  could  provide  efficient  accessibility 
of  active  material  to  the  electrolyte.  The  EIS  results  can  also  explain 
why  the  HCNF-S  composite  displays  an  excellent  electrochemical 
performance. 

To  get  further  insight  into  the  excellent  electrochemical  per¬ 
formance  of  HCNF-S  composite  cathode,  the  morphologies  of  the 
HCNF-S  composite  cathode  before  and  after  100  cycles  at  1  C  rate 
are  characterized.  As  shown  in  Fig.  8,  the  composite  shows  inter¬ 
twined  structure  and  inter-particulate  porosity  in  the  original 
HCNF-S  composite  electrode  (Fig.  8(a)  and  (b)).  The  randomly 
intertwined  HCNFs  in  the  composite  cathode  construct  a  highly 
conductive  network  that  facilitates  fast  transport  of  electrons 
within  the  entire  cathode,  while  the  ultrathin  sulfur  layer  with  a 
thickness  of  about  15  nm  on  the  HCNFs  enormously  shortens  the 
diffusion  length  of  Li  ions  [31  ].  Moreover,  the  porous  structure  of 
the  HCNF-S  composite  cathode  enables  easy  infiltration  of  the 
electrolytes  into  the  cathode  and  guarantees  thorough  exposure  of 
sulfur-coating  layers  to  Li  ions  in  the  electrolytes  [35,36].  Therefore, 
good  rate  capability  can  be  achieved  for  the  HCNF-S  composite 
cathode.  The  HCNF-S  composite  cathode  keeps  good  porous 
structure,  and  no  fracture  occurs  after  long-time  charge/discharge 
cycles,  revealing  good  toughness  of  the  composite  cathode  (Fig.  8(c) 
and  (d)).  This  observation  demonstrates  that  the  porosity  and 


interconnected  network  structure  of  hollow  fibrous  materials  are 
helpful  for  anchoring  sulfur  and  inhibiting  polysulfide  dissolving 
into  the  electrolyte  [48],  which  contributes  to  the  excellent  elec¬ 
trochemical  performance  of  the  HCNF-S  composite. 

4.  Conclusion 

A  hollow  carbon  nanofiber-sulfur  composite,  prepared  by  a 
simple  method  via  a  mixed-solvent  process,  exhibits  perfect  cycling 
stability  as  the  cathode  for  Li-S  batteries.  An  initial  specific 
discharge  capacity  of  1090  mAh  g-1  and  a  retention  rate  of  55% 
after  100  charge/discharge  cycles  at  a  high  rate  of  1  C  is  achieved. 
The  results  show  that  the  highly  conductive  network-like  HCNFs 
matrix  allows  fast  electron  conduction,  provides  a  hollow  and 
porous  intertwined  structure  to  anchor  sulfur  and  absorb  poly¬ 
sulfides,  and  suppresses  the  formation  of  residual  L^S  layer.  The 
hollow  fibrous  HCNFs  would  be  a  promising  carbon  matrix  for  Li— S 
batteries  and  the  simple  synthetic  method  is  expected  to  be  prac¬ 
tically  applicable  for  high-performance  Li— S  batteries  as  the  next- 
generation  energy  storage  systems. 
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